Introduction
Colorectal cancer (CRC) is the third most common malignant neoplasm worldwide and causes ~600,000 deaths annually, which makes it the fourth common cause of cancer-related death. 1, 2 Despite advances in modern medical technology, CRC patients still face high mortality and poor prognosis due to local relapse, metastasis, and resistance to chemotherapy. 3, 4 The mainstay of chemotherapy treatment of CRC is 5-fluorouracil (5-Fu), which exerts its therapeutic effect via DNA damage-triggered signaling. 5 Although 5-Fu provides effective chemotherapy treatment, resistance to 5-Fu is one of the major reasons for poor prognosis of patients during cancer treatment. 6 It is therefore necessary to find a potential agent which could enhance the sensibility of 5-Fu and reduce its dosage.
Andrographolide (Andro) is a main bioactive constituent of the herb Andrographis paniculata, which is usually used in Chinese medicine to treat diverse diseases. 7 Recent studies showed that Andro was an effective agent with its pharmacological bioactive properties, including anti-inflammation, antibacterial, anti-tuberculosis, antitumor properties, and so on. [8] [9] [10] [11] Other studies have also demonstrated the antitumor mechanisms of Andro. For example, Andro could resensitize cisplatin resistance against non-small cell lung carcinoma via activation of the Akt/mTOR pathway. 12 In addition, Andro induced apoptosis via endoplasmic reticulum stress and IRE-1 signaling against colon cancer. 13 Furthermore, one study found that Andro reversed 5-Fu resistance in human CRC via elevating Bax expression.
14 Thus, we suggest that Andro could be a potential agent to enhance the antitumor effect of 5-Fu against CRC.
In the current study, we investigated the effect of combination treatments of 5-Fu with Andro against CRC HCT-116 in vitro and in vivo and explored the underlying mechanisms of the treatments. Our results elucidated that 5-Fu plus Andro inhibited cell growth via inducing apoptosis, and the bioactive property was attributed to regulating the expression level of phosphorylated cellular-mesenchymal to epithelial transition factor (p-MET) in vivo and in vitro. These results provide evidence for the possible clinical application of Andro for enhancing the effect of 5-Fu on CRC.
Methods and materials reagents
Andro, with a purity .98%, was obtained from National Institutes for Food and Drug Control, China. 5-Fu was purchased from Sigma-Aldrich Co (St Louis, MO, USA). Dimethyl sulfoxide (DMSO), trypsin, phosphate-buffered saline (PBS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), propidium iodide (PI), Annexin V, and hepatocyte growth factor (HGF) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Primary antibodies against p-AKT, p-ERK, c-MET, p-MET, and GAPDH were purchased from Santa Cruz Biotechnology Inc (Dallas, TX, USA) with 1:250 dilution. All chemicals were directly used without further purification.
cell lines
Human colorectal carcinoma HCT-116 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) (HCT-116 [ATCC ® CCL-247™]), and cultured in minimum essential medium supplemented with 100 μg/mL streptomycin, 100 U/mL penicillin, and 10% fetal bovine serum at 37°C with 5% CO 2 (Sigma Aldrich Co.). Cells were routinely passaged every 3 days. They were treated for indicated hours with medium change and fresh drug.
cell growth inhibition assay
Cell growth inhibition was measured by the MTT assay. Briefly, HCT-116 cells were seeded in triplicate into 96-well plates (Corning, NY, USA) with a density of 1×10 4 cells/well. After incubating overnight, the cell medium was removed, and the cells were then subjected to different concentrations of 5-Fu, or the combination of 5-Fu with Andro. They were then incubated for 24, 48, and 72 hours. The medium was removed, and MTT was immediately added into the wells at a final concentration of 0.5 mg/mL at 37°C and incubated for 3 hours; the medium was completely removed and formazan crystals were resolved in DMSO, and the absorbance measured at 492 nm using a plate reader (Thermo Fisher Scientific). Cell growth inhibition was calculated by using the following formula:
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IC 50 value was calculated using GraphPad Prism software V5.0 for Windows (GraphPad Software Inc, La Jolla, CA, USA).
Observation of cell morphologic changes
HCT-116 cells were seeded into 6-well plates at a density of 5×10 4 /mL. The cells were cultured at 37°C, 5% CO 2 overnight. Later, the culture medium was removed and the cells were treated with indicated treatments. DMSO (0.1%) was used as the control group. The cell morphologic changes were observed and captured by an optical microscope (Nikon Eclipse Ti-S; Nikon Corporation, Tokyo, Japan) after 24 hours culturing.
analysis of drug synergism
The combination profile of Andro and 5-Fu was analyzed using combination index (CI) according to Chou's method. [15] [16] [17] Data from the cell viability assay were employed to perform this statistical analysis. The CI value was calculated as follows: 
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andrographolide enhanced 5-Fu in crc treatments (0.1% DMSO, 4.28 μM 5-Fu, 10 μM Andro, and combination treatment of 5-Fu with Andro). The cells were collected and lysed using real-time instant presence with advertisement in 72 hours. The cell concentration of each group was measured by BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). The proteins mixed with loading buffer were boiled for 5 minutes. Then, they were subjected to electrophoresis with same protein loading on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel for 2 hours for separation, and transferred to Millipore Immobilon-P Transfer Membranes (EMD Millipore, Billerica, MA, USA) at 100 mA for 2 hours. The membranes were blocked in 5% milk at room temperature, and then incubated with primary antibodies at 4°C overnight. Later, the membranes were washed with cold PBS three times and then incubated with the corresponding secondary antibodies (1:1,000) at room temperature for 2 hours. The expression levels of proteins were detected by electrochemiluminescence (Thermo Fisher Scientific).
cell apoptosis assay
Annexin V demonstrates high affinity to phospholipid phosphatidylserine, which could transpose to the external side of the plasma membrane during early apoptosis. 18 PI was used to investigate changes in cell nuclear morphology, apoptosis, and necrosis. 19 Cell apoptosis assay was observed using PI/Annexin V double staining and flow cytometry. HCT-116 cells were seeded into 6-well plates at a density of 2×10 5 /well overnight. Then, they were subjected to the indicated treatments (0.1% DMSO, 4.28 μM 5-Fu, 10 μM Andro, and combination treatment of 5-Fu with Andro). After 72 hours incubation, the cells were trypsinized, and washed twice with cold PBS buffer. Then, the cells were centrifuged and resupended in Annexin V and PI reagent buffer according to the manufacturer's manual. Subsequently, the apoptosis rate was measured by flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).
enzyme-linked immunosorbent assay (elisa)
The expression levels of potential proteins were measured using ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's manuals. In brief, the cells were subjected to the indicated treatments (0.1% DMSO, 4.28 μM 5-Fu, 10 μM Andro, and combination treatment of 5-Fu with Andro) for 72 hours. The supernatant was collected and centrifuged at 1,000 g for 10 minutes and then stored at -80°C. Phosphorylated epidermal growth factor receptor (p-EGFR), phosphorylated fibroblast growth factor receptor 2 (p-FGFR2), phosphorylated vascular endothelial growth factor receptor (p-VEGFR)1, p-VEGFR2, p-MET, phosphorylated human epidermal growth factor receptor 2 (p-HER2), and phosphorylated anaplastic lymphoma kinase (p-ALK) were measured by ELISA according to the manufacturer's protocol.
Xenograft experiment
Thirty-two BALB/c nude mice, 4-week-old weighing 18-22 g, were purchased from Vital River (Beijing, China). The mice were housed in specific pathogen free conditions and received human care as per the guidelines established by National Science Council, China. HCT-116 cells (2×10 6 ) were injected subcutaneously into the mice, and tumor volume (TV) was measured weekly and calculated. TV was calculated using the following formula: TV (mm 3 
, where D and d are the longest and shortest diameters, respectively. When the TV reached 200 mm 3 , the mice were randomized to four groups (six mice/group) and subjected to different treatments (vehicle; 5-Fu: 10 mg/kg weekly; Andro: 10 mg/kg daily; 5-Fu plus Andro). The mice were sacrificed and the tumors were removed and measured in 4 weeks. All animal procedures were approved by the Committee on Animal Experimentation of China Medical University.
Terminal dUTP nick end-labeling (TUnel) assay and immunohistochemistry
The tumor tissue sections were derived from five randomly selected fields for the TUNEL assay. The assay was used for in situ apoptosis detection via labeling the DNA strand breaks on tissue sections of tumors from control, 5-Fu, Andro, and 5-Fu plus Andro-treated mice according to the manufacturer's instructions (Hoffman-La Roche Ltd, Basel, Switzerland). Briefly, we dewaxed the tumor slides in xylene, hydrated using graded ethanol. The paraffin sections were pretreated with proteinase K for 30 minutes at 37°C, then treated with TdT and incubated in 3% hydrogen peroxide for 5 minutes. Later, the paraffin sections were treated with peroxidaseconjugated antibody for 10 minutes at room temperature, and incubated with horseradish peroxidase-conjugated secondary antibodies for 2 hours at 37°C. DAB solution was used to stop the reaction. The results were imaged using an optical microscope (Nikon Eclipse Ti-S).
statistical analyses
Results are expressed as the mean ± SD. Statistical data analysis was performed using GraphPad Prism 5.00 statistical package (GraphPad Software Inc 
Results

andro synergistically enhanced the antitumor effects of 5-Fu on hcT-116 cells
To determine the effect of 5-Fu against HCT-116 cells, the cell viability assay was performed using MTT assay.
The cytotoxic effect of 5-Fu and combination treatments in HCT-116 cells is depicted in Figure 1A and B. The obtained results revealed that the growth of cells was inhibited by 5-Fu in a time-dependent manner. The IC 50 values of 5-Fu were 18.7, 8.68, and 4.28 μM, corresponding to exposure times of 24, 48, and 72 hours, respectively. Meanwhile, the growth rates exhibited a dose-dependent increase ranging from 0 to 30 μM ( Figure 1A) .
In order to determine the synergistic antitumor effect of Andro on HCT-116 cells, the MTT assay was used and CI was measured. The cells were treated with Andro ranging Figure 1B ). In addition, the IC 50 value of the combination treatment was 2.26 μM, which is lower than that of 5-Fu treated alone (Table 1 ; Figure 1D ).
In order to determine if Andro synergistically enhanced the antitumor effects of 5-Fu in HCT-116 cells, the CI values were calculated. The CI value of the combination of Andro with 5-Fu was 0.78, which indicated that the combination treatment presented a positive interaction between the two drugs, and confirmed a significantly synergistic antitumor effect against HCT-116 cells in vitro (Table 1) . Morphologic changes were observed with 5-Fu, Andro alone, and the combination of 5-Fu with Andro, in comparison to the 0.1% DMSO which acted as the control group. The results of the morphologic changes were consistent with the cell viability assay ( Figure 1C ). These results indicated that Andro synergistically enhanced the antitumor effect of 5-Fu on HCT-116 cells.
5-Fu-induced apoptosis was enhanced by andro in hcT-116 cells
We next investigated if apoptosis was involved in the process induced by 5-Fu, Andro, or the combination treatment in HCT-116 cells. The results showed that 5-Fu induced HCT-116 cells apoptosis, while the combination treatment of 5-Fu with Andro could significantly increase the apoptosis rate in comparison with 5-Fu treated alone (Figure 2A ). In addition, the number of early apoptotic cells induced by the combination treatment was much more than 5-Fu treatment ( Figure 2A ). To further understand the mechanism of the combination treatment of 5-Fu with Andro in the cells, we evaluated the caspase-3 activity via Western blot assay. The results showed that the expression of cleaved caspase-3 in the cells was increased when subjected to the combination treatment of 5-Fu with Andro ( Figure 2B ). In summary, 
5-Fu-induced hcT-116 cells apoptosis was enhanced by andro via inhibition of p-MeT in vitro
In order to find out the underlying mechanism of apoptosis induced by the combination of 5-Fu with Andro, we performed the ELISA assay to detect the expression levels of seven types of receptor tyrosine proteins. The results showed that the expression level of p-MET in HCT-116 cells was decreased when subjected to the combination compared with other treatments ( Figure 3A) . Moreover, the Western blot assay was carried out to further confirm the expression level of p-MET. Results showed that the combination treatment significantly decreased the expression of p-MET in the cells, while the level of c-MET was not changed. In addition, the level of p-AKT and p-ERK was also downregulated by the combination treatment in the cells ( Figure 3B ). Moreover, cell growth inhibition was reversed by 10 ng HGF ( Figure 3C ). These data indicated that the synergistic antitumor effect of Andro in HCT-116 was due to p-MET downregulation.
andro enhanced the antitumor effect of 5-Fu on hcT-116 xenograft in vivo 
5-Fu-induced tumor apoptosis was enhanced by andro due to p-MeT level downregulation in vivo
For determining the mode of cell death in vivo, TUNEL and immunohistochemical assays were performed. We detected the TUNEL positive cells in tumor tissues to evaluate the apoptosis in vivo. The results showed that 5-Fu treated alone increased apoptotic cells in vivo, while the combination treatment of 5-Fu with Andro induced a much higher apoptosis rate ( Figure 5A and B). Then we assessed the expression levels of p-MET and c-MET in these tumors and found that the combination treatment of 5-Fu with Andro exerted significant inhibition of p-MET, p-AKT, and p-ERK expression, which was associated with a decreased of TV ( Figure 5C ). These results were consistent with the in vitro results. Collectively, the results indicated that 5-Fu-induced tumor apoptosis was enhanced by Andro due to p-MET level downregulation in vivo.
Discussion
CRC is the fourth cause of cancer-related death worldwide every year. Up to date, 5-Fu is still the most important chemotherapeutic drug to treat CRC. However, the resistance and serious side effects of 5-Fu are the major problems to solve. 20 Therefore, it is necessary to determine a safe and effective agent to enhance 5-Fu sensitivity. Our study here aimed to investigate the antitumor effects and mechanisms of 5-Fu plus Andro on CRC in vitro and in vivo. Our results showed that low dose of Andro alone had very limited anti-proliferation effect on HCT-116 cells, but could be a potential agent to enhance the antitumor effect of 5-Fu on HCT-116 cells. The results were supported by the activation of cleaved caspase-3 and an increased apoptosis rate. Furthermore, we detected the underlying mechanisms of epithelial growth factor protein by using ELISA assay, and observed p-MET downregulation by the synergistic treatment of Andro with 5-Fu. c-MET is a receptor tyrosine-kinase of HGF, has been proven to be involved in drug resistance, and can activate many downstream signaling pathways such as ERK1/2 and PI3K/AKT. 21 Additionally, it can promote tumor growth via affecting proliferation, anti-apoptosis, invasion, and angiogenesis. 22 To determine the target underlying mechanism Abbreviations: Andro, andrographolide; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; 5-Fu, 5-fluorouracil; SD, standard deviation; DMSO, dimethyl sulfoxide; p-EGFR, phosphorylated epidermal growth factor receptor; p-FGFR2, phosphorylated fibroblast growth factor receptor 2; p-VEGFR1, phosphorylated vascular endothelial growth factor receptor 1; p-MeT, phosphorylated cellular-mesenchymal to epithelial transition factor; p-her2, phosphorylated human epidermal growth factor receptor 2; p-alK, phosphorylated anaplastic lymphoma kinase; p-VegFr2, phosphorylated vascular endothelial growth factor receptor 2; elisa, enzyme linked immunosorbent assay; OD, optical density; hgF, hepatocyte growth factor.
A previous study has reported that 5-Fu plus Andro cotreatment determined the apoptosis level of HCT-116 cells with increased level of Bax.
14 c-MET activation induces diverse signaling cascades leading to cell proliferation, invasion, metastasis, angiogenesis, and survival. 23, 24 Meanwhile, it has been reported that c-MET can activate downstream signaling pathways such as ERK1/2 and PI3K/AKT. In the current study, both p-ERK1/2 and p-AKT were significantly inhibited by the combination treatment in vitro and in vivo. These results confirmed that the synergistic antitumor effect of Andro had 
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